HLA-DP antigens are beta-alpha heterodimers encoded by polymorphic HLA-DPB1 and -DPA1 alleles, respectively, in strong linkage disequilibrium (LD) with each other. Non-permissive unrelated donor (UD)-recipient HLA-DPB1 mismatches across three different T-cell epitope (TCE) groups are associated with increased mortality after hematopoietic SCT (HCT), but the role of HLA-DPA1 is unclear. We studied 1281 onco-hematologic patients after 10/10 HLA-matched UD-HCT facilitated by the National Marrow Donor Program. Non-permissive mismatches defined solely by HLA-DPB1 TCE groups were associated with significantly higher risks of TRM compared to permissive mismatches (hazard ratio (HR) 1.30, confidence interval (CI) 1.06-1.53; P = 0.009) or allele matches. Moreover, non-permissive HLA-DPB1 TCE group mismatches in the graft versus host (GvH) direction significantly decreased the risk of relapse compared to permissive mismatches (HR 0.55, CI 0.37-0.80; P = 0.002) or allele matches. Splitting each group into HLA-DPA1*02:01 positive or negative, in frequent LD with HLA-DPB1 alleles from two of the three TCE groups, or into HLA-DPA1 matched or mismatched, did not significantly alter the observed risk associations. Our findings suggest that the effects of clinically non-permissive HLA-DPB1 TCE group mismatches are independent of HLA-DPA1, and that selection of donors with non-permissive DPB1 TCE mismatches in GvH direction might provide some protection from disease recurrence.
INTRODUCTION
HLA-DP antigens are heterodimers formed by a polymorphic alpha and a polymorphic beta chain encoded by the HLA-DPA1 and -DPB1 loci in the class II region of the MHC, respectively. With 248 currently described alleles, the HLA-DPB1 locus displays considerably higher polymorphism than the HLA-DPA1 locus, for which only 37 different alleles have been reported so far. Of these, only 12 HLA-DPB1 and 3 HLA-DPA1 alleles are found, with a frequency of over 1% in Caucasians. 1 The effective HLA-DP antigen polymorphism is further limited by tight linkage disequilibrium (LD) between HLA-DPA1 and -DPB1, with most HLA-DPB1 alleles found in cis with either HLA-DPA1*01:03 or -DPA1*02:01. However, potential heterodimer pairing between trans-encoded alpha and beta chains can increase phenotypic variability, depending on the status of heterozygosity.
In unrelated hematopoietic SCT (HCT), donor-recipient allelic HLA-DPB1 disparity occurs in~80% of pairs matched for 10/10 of the non-DP HLA loci (HLA-A, -B, -C, -DRB1 and -DQB1), due to a lack of consideration in donor selection and low LD between HLA-DP and the other HLA class II loci. Donor T-cell alloreactivity against allelic HLA-DPB1 mismatches in the recipient is a significant protective factor against leukemia relapse; 2,3 however, overall mortality (OM) is not improved due to concomitantly increased acute GVHD. 4, 5 An innovative approach to defining 'non-permissive', that is, clinically poorly tolerated HLA-DPB1 mismatches on the basis of alloreactive T-cell epitope (TCE) groups, was recently shown to identify subgroups of patients with significant risks of acute GVHD and transplant-related mortality. [6] [7] [8] In this model, HLA-DPB1 alleles are classified into three distinct TCE groups on the basis of T-cell crossreactivity patterns. The discrimination of permissive and non-permissive HLA-DPB1 mismatches is made based on whether the donor and recipient Recipient age 0.57 0-9 17 (7) 46 (8) 36 (8) 10-19 17 (7) 62 (11) 45 (10) 20-29 39 (16) 106 (18) 78 (17) alleles are from the same (permissive) or different (nonpermissive) TCE groups. The model is based on the rationale that the alloreactive T-cell repertoire is shaped by thymic selection, leading to central deletion of clones reactive to self-epitopes. TCE group matching therefore considers not only the mismatch itself, but also the second DPB1 allele carried by the patient or donor, which may contribute to the final repertoire of alloreactive T cells. A potential limitation of this model is that there may be differences in the magnitude of the functional effect of mismatches involving TCE groups 1 and 2 compared to 1 and 3, or 2 and 3, all considered as non-permissive. Such subtle differences are difficult to investigate due to statistical power limitations arising from the numerous subgroups involved in such an analysis. A web-based tool for application of the algorithm in unrelated donor (UD) searches has recently been made available through the IMGT-HLA database (http://www.ebi.ac.uk/ipd/imgt/ hla/dpb.html). 9 An unanswered and clinically relevant question is whether or not HLA-DPA1 polymorphism contributes to the immunogenicity of non-permissive HLA-DPB1 mismatches. Interestingly, most HLA-DPB1 alleles belonging to two of the three distinct TCE groups, the highest-risk group containing HLA-DPB1*09:01, *10:01, *14:01, *17:01 and 45:01, are in LD with HLA-DPA1*02:01, while most frequent alleles from the third, lowest-risk TCE group including HLA-DPB1*02:01, *04:01 and *04:02 are in LD with HLA-DPA1*01:03. This raises the possibility that the presence of HLA-DPA1*02:01, encoded either in cis or in trans with a nonpermissive HLA-DPB1 TCE high-risk group mismatch, might be necessary for the formation of the relevant allo-epitope. Alternatively, donor-recipient allelic HLA-DPA1 disparity recognized by a TCR expressed on donor T cells might be required to reveal the immunogenicity of non-permissive HLA-DPB1 TCE group mismatches. In the present study, we have tested both hypotheses by retrospective clinical analysis of 1281 10/10 HLA-matched unrelated HCTs facilitated through the National Marrow Donor Program (NMDP). Abbreviations: FK506 = Tacrolimus; MMF = mycophenolate mofetil; TCE = T-cell epitope; tx = transplant. a Log-rank P-value. b Early-stage disease was defined as AML or ALL in first CR, CML in first chronic phase and MDS subtype refractory anemia. Intermediate stage disease was defined as AML or ALL in second or subsequent CR, and CML in accelerated phase or second chronic phase. Advanced-phase disease was defined as AML in first or higher relapse or primary induction failure, CML in blast phase, MDS subtype refractory anemia with excess blasts or in transformation. 
MATERIALS AND METHODS

HLA
Study population
The study included 1281 patients who received a first marrow or PBSC UD transplantation between 1988 and 2003, for the treatment of hematologic malignancies. The clinical and immunogenetic characteristics of the patients and transplants are detailed in Table 1 . The cohort included all those patients and donors for whom complete HLA typing data, including HLA-DPA1 and DPB1, were available through the CIBMTR. Surviving patients who did not provide signed, informed consent to allow analysis of their clinical data or HLA typing of stored NMDP Research Repository samples were excluded. All surviving recipients included in this analysis were retrospectively contacted and provided informed consent for participation in the NMDP research program. To adjust for the potential bias introduced by exclusion of non-consenting surviving patients, a modeling process was used to randomly exclude the same percentage of deceased patients using a biased coin randomization with exclusion probabilities based on characteristics associated with not providing consent for use of the data in survivors. 10 This procedure is standard for CIBMTR analyses to avoid bias from the retrospective consent process.
Only patients with high-resolution typing of HLA-A, B, C, DRB1, DQB1, DPA1 and DPB1, verified using appropriate DNA-based methods as previously described, 11 were included in the study. All cases were high resolution matched for HLA-A, B, C, DRB1 and DQB1 (10/10 allele matched). Cases were divided by HLA-DPB1 type into three TCE categories: HLA-DPB1 matched, permissively HLA-DPB1 mismatched (TCE matched) and nonpermissively HLA-DPB1 mismatched (TCE mismatched), according to the three-group model (TCE3) as previously described. 6 HLA-DPA1 was classified by the presence or absence of HLA-DPA1*02:01, or as matched and mismatched at the allele level ( Figure 1 ).
Clinical outcomes
The primary outcomes were OS, TRM, relapse and acute GVHD. OS considered death from any cause as the event, and surviving patients were censored at the date of last contact. TRM was defined as death in continuous remission of the primary disease, with relapse as a competing risk. Relapse was defined as disease recurrence, with death in continuous CR as a competing risk. Acute GVHD was assigned using the International Bone Marrow Transplant Registry consensus criteria, with death as a competing risk.
Statistical methods
To compare pre-transplant characteristics for discrete factors, the number of cases and their respective percentages were calculated and chi-square tests were performed to compare the three histocompatibility groups: HLA-DPB1 matched, permissive mismatched and non-permissive mismatched. For continuous factors, the medians and ranges were calculated and the Kruskal-Wallis test was used to analyze differences between the groups. Probabilities of OS were calculated using the Kaplan-Meier estimator. Estimated cumulative incidence was used to describe the probabilities for events with competing risks. These included GVHD, relapse and TRM. Comparisons of survival curves were done with the log-rank test.
Multivariate analyses were performed using the Cox proportional hazards model, evaluating each HLA-DP matching algorithm ( Figure 1 ) independently as the main effect. Models were fitted to determine which risk factors were related to a given outcome. All variables were tested for affirmation of the proportional hazards assumption. Factors violating the proportional hazards assumption were adjusted through stratification. A stepwise model-building procedure was used to select risk factors for each outcome, with a threshold of P ⩽ 0.05 for entering into the models. Owing to multiple comparisons, Po0.01 was used to determine the statistical significance for the main effect. All analyses were performed using SAS version 9.2 (SAS Institute, Inc., Cary, NC, USA).
RESULTS
Study population and outcomes
A total of 1281 recipients of fully HLA-A, B, C, DRB1, DQB1, DPA1, DPB1 high-resolution-typed UD-HCTs were included in the according to the three-group TCE3 algorithm previously described 6 Figure 1 . Algorithms for permissive or non-permissive HLA-DP TCE group mismatches used in this study. 10/10 HLA allele-matched donor-recipient pairs were classified according to three different algorithms: (1) DPB1 TCE3 considers as non-permissive only those pairs in whom the HLA-DPB1 allele mismatch involves TCE3 group mismatches, regardless of the HLA-DPA1 matching status, as previously described. 6 (2) DPB1 TCE3/DPA1*02:01 considers as non-permissive only those pairs in whom the HLA-DPB1 allele mismatch involves a TCE3 group mismatch, and in whom either the patient or the donor, or both, carry at least one DPA1*02:01 allele. (3) DPB1 TCE3/DPA1 allele considers as non-permissive only those pairs in whom the HLA-DPB1 allele mismatch involves a TCE3 group mismatch, and in whom a donor-recipient HLA-DPA1 allele mismatch is also present.
analysis. The HLA-DPA1 and -DPB1 alleles found in this study population are listed in Supplementary Table 1 . All pairs were matched for HLA-A, -B, -C, DRB1 and DQB1 alleles (10/10), and 239 of them (19%) were also HLA-DPB1 allele matched (12/12), while the remaining 1042 (81%) pairs were HLA-DPB1 allele mismatched. In the latter group, permissive and non-permissive mismatches were determined using the three-group TCE3 algorithm previously described, 6 resulting in 585 permissively mismatched and 457 non-permissively mismatched cases (Table 1) . Of the latter, 226 and 231 were mismatched in the graft versus host (GvH) or host versus graft (HvG) direction, respectively. HLA-DPA1 allele mismatches were present in 512 (40%) of the 1281 pairs overall, and in 502 (48.2%) of the 1042 HLA-DPB1 allele mismatched pairs. The HLA-DPB1 allele-matched cohort included more CML cases (43%) and fewer ALL cases (16%) than the permissive (32% CML, 23% ALL) and non-permissive groups (33% CML, 23% ALL), and the groups differed slightly for GVHD prophylaxis regimens. All other characteristics were well balanced across the groups (Table 1) .
Over 90% of the patients under study were of Caucasian origin and 87% received BM as the stem cell source. Also, 1159 (90%) of the transplants were part of the International Histocompatibility Working Group cohort previously analyzed for the effects of HLA-DPB1 TCE matching in unrelated HCT, 6 while 122 (10%) were new cases.
The overall incidence values of the four major clinical end points of this study were OM 63% at 5 years, TRM 42% at 5 years, severe grade C-D acute GVHD 32% at 100 days and relapse 25% at 5 years, with a median follow-up time of 102 months.
Algorithms for the role of HLA-DPA1 in non-permissive mismatches In order to investigate the role of HLA-DPA1 in associations between clinical risks and non-permissive HLA-DPB1 TCE group mismatches, two different algorithms were analyzed separately. The first, designated DPB1 TCE3/DPA1*02:01, was evaluated due to the observed strong LD between alleles from two of the three HLA-DPB1 TCE groups and HLA-DPA1*02:01, 1 and predicts the presence of HLA-DPA1*02:01 in the patient, the donor or both as a necessary requirement for the assignment of a non-permissive HLA-DPB1 mismatch (Figure 1 ). The second, designated DPB1 TCE3/DPA1 allele, is based on the hypothesis that allelic mismatches for HLA-DPA1 are a necessary requirement for a HLA-DPB1 TCE3 group mismatch to be classified as non-permissive ( Figure 1 ). In the two algorithms, the number of permissive/ non-permissive mismatched cases was 768/274 and 804/238, respectively (Table 1) .
Clinical risk associations of non-permissive HLA-DPB1 TCE group mismatches
We first investigated the associations between clinical end points of UD-HCT and non-permissive HLA-DPB1 TCE3 group mismatches as previously described, 6 that is, without consideration of HLA-DPA1 (Figure 1) . Consistent with our previous results, we found a significant correlation between non-permissive HLA-DPB1 mismatches in either the GvH or HvG direction and TRM (Table 2 and Figure 2a ). Increased risks were also observed for OM and severe acute GVHD, with HR similar to those observed in our previous report, 6 although these were not statistically significant according to the definitions from the present study (Table 2 and Figures 2b and c) . Also in line with previous observations, HLA-DPB1 allele-matched transplants were associated with an increased risk of relapse compared with permissive or nonpermissive transplants in univariate analysis (Figure 2d ), but did not reach statistical significance when adjusted for significant covariates ( Table 2 ). The risk stratifications for the end points TRM and acute GVHD were evenly distributed between non-permissive mismatches in the GvH or HvG direction (Table 2) , which, again, is in line with previous results. Interestingly however, the risks of relapse were significantly lower after transplantation from a donor nonpermissively mismatched in the GvH but not in the HvG direction, compared to transplants from a permissively mismatched donor ( Table 2 and Figure 2e ). However, we did not find a significantly lower risk of OM associated with non-permissive GvH compared to HvG mismatches (Table 2) .
Similar results were obtained for the four-group model of HLA-DPB1 TCE4 group matching previously described (data not shown). 8 Role of HLA-DPA1 in non-permissive HLA-DP TCE group mismatches In order to investigate the impact of HLA-DPA1 polymorphism on non-permissive HLA-DP mismatches, we further stratified HLA-DPB1 allele matched and permissively or non-permissively mismatched groups according to two algorithms of HLA-DPA1 matching status as described above (Figure 1 ). Neither the presence or absence of HLA-DPA1*02 in the patient or the donor, nor the presence or absence of HLA-DPA1 allele mismatches between patient and donor, when added as a requirement in addition to HLA-DPB1 TCE3 group disparity in the definition of non-permissive HLA-DP mismatches, had a significant impact on the risks of TRM (Figures 3a and b) endpoints (Tables 3 and 4 ). Similar results were obtained for the four-group model of HLA-DPB1 TCE4 group matching previously described (data not shown). 8 Interestingly, when the HLA-DPB1 allele mismatched group was considered as a whole (that is, HLA-DPB1 permissive and non-permissive combined), the presence of an allelic HLA-DPA1 mismatch was associated with a reduced relapse risk, which was significant in univariate analysis (P = 0.02), but not after adjustment for disease type and status at transplantation (HR 0.73; 95% CI 5.56-0.94, P = 0.016). This trend was similar in the HLA-DPB1 permissive (HR 0.74; 95% CI 0.54-1.04; P = 0.08; Table 4 ) and non-permissive (HR 0.74; 95% CI 0.49-1.13; P = 0.16) groups.
DISCUSSION
The present study is the first to address the influence of HLA-DPA1 matching in the context of the HLA-DPB1 TCE group model. The results show that the presence of HLA-DPA1*02:01 does not appear to be necessary for the formation of immunogenic, clinically non-permissive HLA-DPB1 TCE group mismatches. Likewise, allelic donor-recipient HLA-DPA1 disparity does not seem to be required for that purpose. The HLA-DP alpha chains encoded by HLA-DPA1*01:03 and DPA1*02:01 differ by three amino acids at positions 31, 50 and 83 in the peptide antigen-binding groove, which potentially could have an effect on peptide presentation and/or T-cell receptor recognition. Accordingly, we found that a number of T cells alloreactive to HLA-DPB1-encoded antigens display a preference for HLA-DPB1 heterodimers with either HLA-DPA1*01:03 or DPA1*02:01, as shown by transfection experiments of the relevant DPB1 coding sequence into HLA-DPA1 homozygous B lymphoblastoid cell lines. 12 In line with this experimental evidence, we found that allelic HLA-DPA1 mismatches appeared to increase the well-known protective effect of HLA-DPB1 disparity on relapse. This was shown by a suggestive, though not statistically significant, trend in multivariate analysis, towards reduced hazards of relapse in the presence of combined HLA-DPB1-DPA1 allelic mismatches, compared to HLA-DPB1 mismatches but -DPA1 matches. This effect was similar in the HLA-DPB1 permissive and non-permissive transplants after separate analysis, suggesting that the relevant mismatch is indeed at the HLA-DPA1 level. This association may have gone undetected in previous studies that compared risk associations between HLA-DPA1-matched or mismatched transplants regardless of the HLA-DPB1 matching status, [13] [14] [15] [16] [17] [18] due to the confounding effect of concomitant HLA-DPB1 mismatches in these analyses. Based on these findings, HLA-DPA1 typing in unrelated stem cell donor searches might be considered for patients at high risk of relapse, a notion that is in accordance also with recommendations from a previous report. 18 The results from this study confirm our previous findings regarding the associations of permissive or non-permissive HLA-DPB1 TCE mismatches with clinical outcome of HCT. 6 In fact, the HR for all clinical end points-OM, TRM, acute GVHD and relapse-observed here are similar to those observed in the International Histocompatibility Working Group transplant cohort, although not all were statistically significant according to the statistical definitions of the present study, likely reflecting lower statistical power. It should be noted that 90.5% of the patients analyzed here overlap with the International Histocompatibility Working Group cohort that included a large number of transplants coordinated by the Japanese Marrow Donor Program. Interestingly, the reduced risk of leukemia relapse associated with nonpermissive HLA-DPB1 TCE group mismatches was more marked in the present study (HR 0.55; P = 0.002) than in the International Histocompatibility Working Group report (HR 0.80; P = 0.02), 6 and highly significant, possibly reflecting greater disease type homogeneity for AML and MDS patients. This observation could be relevant for the selection of stem cell donors for high-risk AML patients who might benefit from GVL mediated by T cells alloreactive to non-permissive DPB1 TCE mismatches, in particular if in correlation with allelic HLA-DPA1 disparity. Additional prospective analyses of independent transplant cohorts are warranted to better investigate this important point. Abbreviations: aGVHD, acute GVHD; CI, confidence interval; HR, hazard ratio. a Adjusted for disease, disease status, GVHD prophylaxis, use of in vivo T-cell depletion, preparative regimen and recipient age at transplant. b Adjusted for disease status, GVHD prophylaxis, use of in vivo T-cell depletion, preparative regimen and recipient age at transplant. c Adjusted for disease and disease status. d Adjusted for disease, disease status, graft type and year of transplant.
